Further to their fundamental importance in collision physics [1] , molecular ionization and dissociation processes are of great interest in diverse areas of science ranging from plasma physics to radiation damage in biological tissues [2] . Today it is recognized that radiation damage in biomolecules, notably the formation of DNA strand breaks, is not only the result of a single interaction of the primary ionization projectile with the molecules involved, but also due to the simultaneous and consecutive action of the primary and the secondary species [3] . A detailed knowledge of ionization and dissociation processes involved including the various cross sections is a must for a full understanding of radiation damage on a microscopic level (see e.g. [4, 5] ). This has led recently to an increased number of investigations on the interactions of the various primary and secondary species with DNA and its constituents. Gas and solid phase experiments have been carried out with isolated basic constituents of DNA (i.e., the nucleobases, phosphate, sugar, water subunits) involving target molecules and molecular compounds of increasing complexity. Many of these seminal studies have been devoted to the interaction of low energy electrons (e.g. see [6] [7] [8] [9] [10] [11] [12] [13] ). This work has led to major advances in understanding the role of the secondary low energy electrons in radiobiology with potential applications in radiotherapy [14] .
In contrast with electron-induced processes, investigations concerning proton (or heavier ions, for example see [15, 16] ) interactions with DNA and its constituents are rather scarce and a number of important details have not yet been investigated. This is particularly intriguing as the interaction of protons in the keV energy range with building blocks of DNA is of great biological relevance in view of the ever increasing number of proton therapy facilities using MeV proton irradiation [17] . When these protons enter the tissue they are decelerated reaching Bragg peak energies. These tumor treatments exploit the Bragg peak maximum and its volume selectivity based on the intricate interplay of the various primary and secondary interaction processes. Despite being such a promising tool for cancer treatment, most proton interaction studies reported so far have been restricted either to a specific type of cross section or have involved targets consisting of atoms or small (atmospheric) molecules. Although numerous total electron capture cross sections are available for proton interactions with gases [18] [19] [20] , only recently have complete sets of ionization cross sections (including the total and the partial cross sections for direct ionization and electron capture) been reported for protons (or hydrogen) collisions with condensable molecular targets such as H 2 O [21] [22] [23] . In 2003 Coupier et al. [24] reported the first mass spectrum for the direct ionization of uracil with 20 to 150 keV protons in comparison with electron impact ionization. Moretto-Capelle et al. [25] followed this up with an electron spectroscopy study obtaining double differential cross sections showing preferential emission of low energy electrons for 25-100 keV proton impact on gas phase uracil. Alvarado et al. [26] recently used a new experimental approach to directly measure the amount of internal energy present in deoxyribose dications after keV proton collisions with gas phase molecules. Finally, Le Padellec et al. [27] reported mass spectra for 100 keV proton impact ionization of gas phase cytosine, thymine and uracil.
In this letter we report on the application of a novel experimental set-up which allows us, on an event by event basis, to analyze in great detail proton impact ionization of nucleobases (adenine, cytosine, thymine and uracil) and to measure absolute partial and total single ionization cross sections as a function of the charge state of the projectile after the ionization event. Mass analyzed product ions were detected (providing fragmentation pattern data) in coincidence with the charge-analyzed projectile after the ionizing collision, i.e., H + detection after direct ionization (DI), neutral H 0 detection after single electron capture (EC), or Hdetection after double electron capture [28, 29] . The present study have become possible by the development of a temperature controlled Knudsen type molecular beam source with absolutely characterized target thickness. We are thus able to disentangle the various reaction channels in proton ionization of nucleobases and provide in addition absolute ionization and dissociation cross sections that are 'differential' in terms of the projectile state. This is the first time that absolute cross sections for proton ionization become available for targets which exist in the solid state (powder) under normal atmospheric conditions. In this letter we report on results involving positive product ion formation: direct ionization and single electron capture events.
The experimental apparatus is shown in Fig.1 . It consists essentially of five parts (partially shown in Fig.1 ): Firstly, pure molecular hydrogen is ionized in a standard RFdischarge source [30] . Secondly, ions from the source are accelerated to 20-150 keV with an energy resolution ∆E/E of 0.01 [30] . Thirdly, the primary magnetic sector field shown in Fig.  1 is used as a mass-selector to produce a pure beam of protons which is followed by a parallel plate deflector allowing to detect the primary ion beam. Fourthly, the proton beam intersects a perpendicular effusive jet of sublimated nucleobase molecules and the cross-beam interaction region is coupled to a time of flight mass spectrometer. The effusive neutral target beam jet is produced by sublimating nucleobase powder samples (purchased from Sigma-Aldrich, minimum purity 99%) in a temperature controlled Knudsen type oven with a capillary exit of 1 mm diameter. The target thickness and distribution has been determined by combining mass measurements of the condensed nucleobases on a liquid nitrogen cooled aluminum plate mounted above the capillary exit with deposition patterns measured by optical interference analysis and calculated angular distribution profiles using Troitskii's vapor flow model [31] ., the projectiles pass through a second (sector field type magnetic) mass selector combined with a multi-detector device using channeltrons that are located at different positions at the exit of the magnetic analyzer thus giving us information about the final charge state of the projectile (i.e., protons will be deflected and neutralized protons will be un-deflected by the magnet). We have checked single collision conditions by changing the densities of both beams. Finally, the nucleobase parent and fragment ions produced are extracted perpendicular to the direction of both, the projectile and the target beam, and then mass-to-charge analyzed in a time of flight analyzer in coincidence with the projectile signal at the multi-detector device. This allows us to record simultaneously the charged product ions produced in the target region and in coincidence for each single collision event the nature of the projectile (either H + or after electron capture neutral H) after the ionizing collision.
As examples, Fig.2 shows mass spectra for single ion production events in 80 keV and 42 keV protons collisions with gas-phase uracil. Each mass spectrum was constructed after the interaction of about 10 7 -10 8 protons with the target beam producing about 10 4 product ions. Having applied our coincidence technique we can (in contrast to earlier studies with protons [24, 27] and multiply charged ions [32] ) distinguish between ions produced by direct ionization (DI) of uracil via U+H + → ions + H + and ions produced via electron capture (EC) via U+H + → ions + H. Besides parent ion production strong fragmentation is observed for both EC and DI leading to the appearance of five groups of fragment ions with neighboring mass numbers. In both ionization processes, the total fragment ion abundance is clearly much larger than the respective parent ion abundance. Table 1 includes uracil fragmentation branching ratios (fragment ion production / total ion production) for EC and DI at selected energies in the range 27-150 keV. In general, this branching ratio is larger for EC than for DI. This can be rationalized by arguing that in case of the direct ionization mechanism less energy is transferred to the molecular system than for electron capture. Moreover, this fragmentation branching ratio is for both cases rather independent of the kinetic energy (Table1); only at energies below about 40 keV does the fragmentation branching ratio increase strongly in the case of direct ionization (due to a strong decrease of the parent ion abundance), surpassing even that of the electron capture case. Finally, it should be mentioned that fragmentation patterns in case of direct ionization are rather similar to recent electron impact ionization mass spectra obtained in [33, 34] .
Extension to other nucleobases (first line in Table1) shows that the branching ratio between the two ionization modes, EC and DI, as expressed for instance by the branching ratio EC/EC+DI, is rather similar for these nucleobases, i.e. having values at 80 keV proton energy of 27.1 %, 27.6%, 26.6% and 25.4 % for adenine, cytosine, thymine and uracil, respectively. These values are also close to the corresponding branching ratio measurements for gas-phase water yielding 27.8% and 25.7% in two different studies [22, 35] . The rather similar ratios for the nucleobases and water suggest that molecular details (for instance the rather differing ionization energies which are important input parameters for the absolute cross sections) are not decisive for the relative probability of these two reactions.
Besides these details on fragmentation and differences concerning the ionization mechanisms we are here also able to quantify the various reaction probabilities on an absolute scale for the first time. Figure 3 shows absolute cross sections in the energy range from 20 to 150 keV for proton ionization of uracil giving values for the total ionization cross sections and cross sections for those reactions proceeding via electron capture and those via direct ionization. Whereas the total cross section decreases in line with the Born Bethe high energy limit, the individual EC and DI contributions show different behavior, i.e., the EC cross section is decreasing strongly with increasing proton energy, whereas the DI cross section only decreases at higher energy approaching the Born Bethe cross section. This leads to a situation that around the Bragg peak at 20 keV the branching ratios are about 60% and 40% for EC and DI respectively, at around 35 keV the two cross sections are equal and at the highest energy studied here, at 150 keV, the branching ratios approach 10% for EC and 90% for DI. This behavior appears to be universal as can be seen from Fig.4 where the uracil branching ratio for EC as a function of energy is compared to a number of other targets, including He [36] and some small molecules [22, 35, 36 ].
Finally, we are able here to compare experimental absolute cross section values for a series of nucleobases for the first time. Table 2 gives cross section values for 80 keV protons collisions with adenine, cytosine, thymine and uracil. Surprisingly, while three of these nucleobases show rather similar values for the total, the EC and the DI cross sections, respectively, in contrast cytosine has in all three cases a cross section which is smaller by a factor of about 3. A deeper insight into the details of this may be obtained by comparing these results with absolute electron impact ionization cross sections calculated recently [37, 38] using the Deutsch-Märk (DM) and the Born and Bethe (BEB) methods, respectively. These semi-classical calculations take into account details of the electronic structure of the molecules under consideration and results obtained with DM and BEB agree in shape and magnitude. It is rather interesting to note that the maximum cross sections obtained in these calculations lie between 1.45 (uracil), 1.65 (cytosine) and 2.05 (adenine) x10 -15 cm 2 . This is quite different in the ordering and different in magnitude from the present proton results, i.e. the direct ionization cross sections for proton impact are about a factor of 4 (cytosine) to about 12 (uracil) larger than the electron ionization cross sections. This tendency is in accordance with our earlier observations in water when comparing electron cross sections with direct ionization cross sections taking into account the different projectile masses and comparing cross sections at the same velocities (see [22] and references therein) and has been attributed to target polarization effects. It was also argued that, at a fixed velocity, the lower kinetic energy of lighter projectiles reduces their cross sections relative to more massive counterparts as incident energy approaches the ionization potential of the target.
In conclusion, we have presented here the first results based on an event by event analysis for the proton impact ionization of gas phase nucleobases. This allows us to obtain a complete analysis in terms of the positive ions which are produced (and lost as in the case of reactions proceeding via electron capture by the proton). This experiment was possible after combining our high energy ion beam / multi-coincidence apparatus with a time of flight mass spectrometer operated in coincidence with the final projectile detection. This is the first time that a complete set of cross sections for the ionization of a target consisting of biologically relevant molecules (nucleobases) by proton impact has been obtained including the total and all partial cross sections, and, in addition, differentiating between the direct ionization and the electron capture mechanism. As this investigation yields a new wealth of information on proton impact ionization, we are confident that such measurements will provide an important impact and basis for future refinement of the theoretical treatment of these reactions and their influence in radiation biology. * The errors are generally greater for the branching ratios involving DI detection at 42 keV because the channeltron signal threshold had to be set quite close to the noise level. 
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